Small LDL and HDL particle size are characteristic of a proatherogenic lipoprotein profile. Aerobic exercise increases these particle sizes. Although visceral adipose tissue (VAT) has been strongly linked with dyslipidemia, the importance of intermuscular adipose tissue (IMAT) to dyslipidemia and exercise responses is less well understood. We measured exercise-associated changes in thigh IMAT and VAT and examined their relationships with changes in LDL and HDL particle size. Sedentary, dyslipidemic, overweight subjects (n ϭ 73) completed 8 -9 mo of aerobic training. Linear regression models were used to compare the power of IMAT change and VAT change to predict lipoprotein size changes. In men alone (n ϭ 40), IMAT change correlated inversely with both HDL size change (r ϭ Ϫ0.42, P ϭ 0.007) and LDL size change (r ϭ Ϫ0.52, P Ͻ 0.001). That is, reduction of IMAT was associated with a shift toward larger, less atherogenic lipoprotein particles. No significant correlations were observed in women. After adding VAT change to the model, IMAT change was the only significant predictor of either HDL size change (P ϭ 0.034 for IMAT vs. 0.162 for VAT) or LDL size change (P ϭ 0.004 for IMAT vs. 0.189 for VAT) in men. In conclusion, in overweight dyslipidemic men, exercise-associated change in thigh IMAT was inversely correlated with both HDL and LDL size change and was more predictive of these lipoprotein changes than was change in VAT. Reducing IMAT through aerobic exercise may be functionally related to some improvements in atherogenic dyslipidemia in men. aerobic training; visceral fat; adipose tissue; high-density lipoprotein size; low-density lipoprotein size SMALL LDL AND HDL PARTICLE SIZE are components of atherogenic dyslipidemia (2, 17, 22, 34) , which is an established risk factor for cardiovascular disease (CVD). Aerobic exercise increases the average diameter of both of these particles (10, 15), resulting in a less atherogenic lipoprotein profile. Less is known, however, about the mechanisms by which exercise mediates these improvements.
SMALL LDL AND HDL PARTICLE SIZE are components of atherogenic dyslipidemia (2, 17, 22, 34) , which is an established risk factor for cardiovascular disease (CVD). Aerobic exercise increases the average diameter of both of these particles (10, 15) , resulting in a less atherogenic lipoprotein profile. Less is known, however, about the mechanisms by which exercise mediates these improvements.
The effects of regional fat distribution on atherogenic dyslipidemia have been well characterized, with increased visceral adiposity being associated with less favorable lipoprotein profiles (3, 18, 19, 22, 25) . Visceral adipose tissue (VAT) has been described as an "ectopic" adipose depot associated with impaired fat oxidation and loss of the normal ability to store excess energy as subcutaneous fat (11) . In contrast, relationships between lipoprotein profiles and thigh intermuscular adipose tissue (IMAT), which might be viewed as a peripheral ectopic fat depot, have not been widely studied. IMAT lies within the fascia lata surrounding the leg musculature, thus distinguishing it from subcutaneous adipose tissue (SAT) in the leg, and surrounds and infiltrates muscle groups, with which it shares a direct vascular connection. This anatomic relationship is analogous to that of visceral fat and the liver in the abdomen, suggesting that IMAT might have a functional influence on skeletal muscle metabolism analogous to that of VAT on liver metabolism.
The Studies of a Targeted Risk Reduction Intervention through Defined Exercise (STRRIDE) trial (16) was designed to compare the effects of differing amounts and intensities of aerobic exercise on plasma lipoproteins and other metabolic risk factors. The primary analysis of lipoprotein changes has been reported previously (15) and demonstrated graded improvements in LDL and HDL particle size with increasing exercise volume. Given the higher requirement of skeletal muscle for oxidative fuel at higher amounts of exercise and the close anatomic connection between IMAT and skeletal muscle, we hypothesized that IMAT is a readily mobilized source of lipid fuel and, thus, that exercise-induced change in IMAT would be associated with concurrent changes in particle sizes reflective of a more favorable lipoprotein profile. The objective of the present analysis was to determine the association between changes in thigh IMAT and in HDL and LDL particle size in the context of an aerobic exercise intervention and to compare the power of IMAT and VAT changes to predict these lipoprotein changes.
METHODS
A detailed description of the STRRIDE study design has been published elsewhere (16) . The Institutional Review Board at Duke University reviewed and approved the study protocol, and informed consent was obtained from all subjects.
Subjects. Subjects were 40 -65 yr old, previously sedentary, overweight or class I obese (BMI 25-35 kg/m 2 ), and met at least one of two criteria for dyslipidemia: 1) fasting LDL of 130 -190 mg/dl and/or 2) fasting HDL less than 40 mg/dl for men or 45 mg/dl for women. The study included subjects self-classified as Caucasian, AfricanAmerican, and other (e.g., Hispanic and Asian) races. Subjects were randomly assigned to one of three exercise training groups or an inactive control group that did not change physical activity habits. Subjects were recruited continuously from Durham, NC, and surrounding areas between January 1999 and June 2002. All exercise training was completed by April 2003. Since the objective was to study exercise-induced changes in IMAT, all exercise-exposed subjects with complete lipid data and midthigh CT scans obtained both before and after the training period (n ϭ 73) were included in the present analysis, with control subjects excluded.
Exercise training. The three exercise training groups were defined as follows: 1) High amount/vigorous intensity, 23 kcal ⅐ kg Ϫ1 ⅐ wk
Ϫ1
at 65-80% peak V O2; 2) Low amount/vigorous intensity, 14 kcal ⅐ kg Ϫ1 ⅐ wk Ϫ1 at 65-80% peak V O2; 3) Low amount/moderate intensity, 14 kcal ⅐ kg Ϫ1 ⅐ wk Ϫ1 at 40 -55% peak V O2. These regimens are calorically equivalent to ϳ20 miles/wk of jogging, 12 miles/wk of jogging, and 12 miles/wk of brisk walking, respectively, for a 90-kg person. Subjects exercised for a 2-to 3-mo ramp period followed by 6 mo at one of the above prescriptions for a total of 8 -9 mo of exercise training. All exercise sessions were verified by recorded data from heart rate monitors (Polar Electro, Woodbury, NY).
Lipoprotein measurements. Fasting plasma samples were analyzed by LipoScience (Raleigh, NC), using nuclear magnetic resonance spectroscopy as previously described (15, 21) . The concentrations of four LDL and five HDL subclasses were measured and the weighted average sizes of LDL and HDL calculated.
Adipose tissue measurements. Thigh and abdominal CT scans were obtained before and after the training period, using a General Electric CT/I (GE Medical Systems, Milwaukee, WI). With subjects in the supine position, a single 10-mm axial section was obtained from the midpoint of the left thigh (midway between the acetabulum and the patella) and from the abdomen at the level of the L4 pedicle. Exact locations for these sections were determined from digital frontal scout radiographs. Images were analyzed using Slice-O-Matic 4.3 software (Tomovision, Montreal, QC, Canada). For the thigh, the fascia lata was traced manually to distinguish SAT from IMAT. IMAT area was defined as all tissue within the attenuation range Ϫ190 to Ϫ30 Hounsfield units (9) lying deep to the fascia lata (5, 36) . VAT area was defined as all tissue in the same attenuation range lying within the abdominal cavity.
Data analysis. Change scores for IMAT area, VAT area, and lipoprotein particle sizes were calculated by subtracting the pre-from the posttraining value. Univariable relationships were tested with Pearson correlations. Multivariable relationships were tested using general linear models without selection; that is, we forced all of our explanatory variables of interest into the models. To address the possibility that associations differed by sex, our initial models included a sex ϫ IMAT change interaction term. When this interaction term was significant, subsequent analyses were performed separately by sex. Models were validated on 1,000 bootstrap replicates of the sample to assess the stability of the observations. These replicates were generated with SAS 9.1 (Cary, NC); all other statistical analysis was performed with SAS Enterprise Guide 4.1 (Cary, NC). The threshold for statistical significance was set a priori at P Ͻ 0.05. Variables that were not normally distributed were log-transformed prior to statistical analysis. Except where noted, descriptive data are presented as means Ϯ SD for continuous variables and frequency (%) for categorical variables.
RESULTS

Subject characteristics.
Subject characteristics are presented in Table 1 . There were no sex differences in baseline BMI serum triglycerides, fasting glucose, or fasting insulin. There were similar proportions of Caucasians, African-Americans, and subjects of other races among men and women. Exercise group allocation was similar between sexes, and men and women were similarly adherent to their exercise prescriptions (all P Ͼ 0.05). Men were slightly younger, had higher body Values are given as means Ϯ SD and frequency (%). Baseline SI given as geometric mean Ϯ geometric SD, as distribution was not normal. Percentages may not total 100% due to rounding. BMI, body mass index; IMAT, intermuscular adipose tissue; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; SI, insulin sensitivity index derived from iv glucose tolerance test with minimal-model analysis (12) . Adherence was calculated as the number of minutes of exercise at the appropriate intensity divided by the prescribed number of minutes. Proportions of self-identified race and exercise group by sex were compared using 2 tests of association. Significance of within-and between-sex differences was otherwise assessed with two-tailed t-tests. *Significant sex difference at P Ͻ 0.05; †significant within-sex change with training at P Ͻ 0.05. mass and higher peak V O 2 at baseline, whereas women were more insulin sensitive. Men had lower HDL and LDL levels and smaller HDL and LDL sizes. Men also had more VAT but less IMAT and SAT in the thigh than women (all P Ͻ 0.05).
Changes in subject characteristics are also summarized in Table 1 . Men had greater decreases in body mass, BMI, and VAT and a greater improvement in fitness with exercise training. Thigh IMAT and thigh SAT decreased significantly with exercise in both men and women, but these changes did not differ by sex. Men had within-sex improvements in insulin sensitivity and triglycerides, whereas women improved fasting insulin.
Sex effects. We first tested the association between exerciseinduced change in IMAT and change in LDL and HDL particle sizes. We hypothesized that loss of IMAT would be associated with increases in these particle sizes, implying an improvement in metabolic state. Given known sex differences in regional fat distribution, we included sex and IMAT in the linear regression model. Although sex itself did not affect particle size change with exercise training (Table 2 , P ϭ 0.87 and 0.70 for HDL and LDL, respectively), the interaction term sex ϫ IMAT change was significant for both HDL and LDL size change (P ϭ 0.02 and 0.01, respectively). This indicated that the association between IMAT change and particle size change differed between men and women.
Univariable relationship between IMAT change and particle size change. Given this finding, we evaluated the relationship between IMAT change and lipoprotein particle size change separately for each sex. In men, IMAT change was negatively correlated with change in both HDL size (r ϭ Ϫ0.42, P ϭ 0.0065) and LDL size (r ϭ Ϫ0.52, P ϭ 0.0006), as shown in Fig. 1 . That is, loss of IMAT was associated with increases in size for both HDL and LDL particles in men. In contrast, there was no relationship between IMAT change and change in either HDL size (P ϭ 0.87) or LDL size (P ϭ 0.92) in women. Given the close functional relationship among VLDL, HDL, and LDL particle sizes, VLDL size change might be expected to have the converse relationship with IMAT change in men, and this indeed was observed in our study (r ϭ 0.33, P ϭ 0.0359).
In 1,000 bootstrap replicates of the sample, performed to assess the stability of the finding across repeated assessments, the mean Ϯ SD Pearson correlation coefficient was Ϫ0.53 Ϯ 0.10 for LDL size change in men, and the model was significant at P Ͻ 0.05 in 987 (98.7%) of the 1,000 replicates. For HDL size change in men, the mean correlation coefficient was Ϫ0.43 Ϯ 0.10, and the model was significant in 892 (89.2%) of the 1,000 replicates.
Comparing effects of IMAT change and VAT change. We compared the power of exercise-induced changes in IMAT and VAT to predict lipoprotein size change in men. When VAT change and IMAT change were both included in the multivariable model, IMAT change remained independently associated with HDL size change (P ϭ 0.0343, Table 3 ), whereas VAT change did not (P ϭ 0.16). IMAT change likewise remained independently associated with LDL size change in a multivariable model (P ϭ 0.0042), whereas VAT change did not (P ϭ 0.19). We then repeated the full fitted models on 1,000 bootstrap replicates of the sample to assess the stability of the observations. IMAT change was independently associated with change in HDL size in 593 (59.3%) of 1,000 bootstrap replicates compared with 245 (24.5%) for VAT change. IMAT change was independently associated with change in LDL size in 921 (92.1%) of 1,000 bootstrap replicates compared with 282 (28.2%) for VAT change.
DISCUSSION
Atherogenic dyslipidemia is related to a range of genetic, metabolic, and body compositional characteristics. Although weight loss and reductions in adiposity are well known to improve the lipoprotein profile, the primary objective of the current study was to investigate the relationship between improvements in lipoprotein particle size and exercise-induced changes in thigh IMAT, which has recently attracted increasing interest as an ectopic fat depot. We also aimed to compare IMAT to VAT, a more established ectopic fat depot, in this context.
We observed that exercise-induced reductions in IMAT were associated with favorable increases in lipoprotein particle size in sedentary, overweight to mildly obese dyslipidemic men. We also observed that IMAT change remained independently associated with both HDL and LDL size change in men after controlling for the effects of VAT change. VAT change was not independently predictive in these models. No associations between IMAT change and particle size changes were observed in women.
There have been relatively few reports of relationships between changes in regional adipose depots and concurrent changes in CVD risk factors in the context of aerobic exercise. Our group has previously reported on decreases in VAT in the STRRIDE trial (29) and found that these decreases were associated with decreases in LDL particle number, whereas negative correlations between VAT change and both LDL and HDL size approached statistical significance (P ϭ 0.052 and 0.057, respectively). Janssen et al. (13) failed to observe associations in obese women between reductions in VAT, by diet or diet plus exercise, and any metabolic variable, including serum triglyceride, LDL, and HDL concentrations.
In cross-sectional studies, high intermuscular adiposity in the thigh has been associated with elevated total cholesterol and fasting glucose (36) , impaired glucose tolerance and type 2 diabetes (8), and metabolic syndrome (7). However, it does not necessarily follow that modifying fat distribution will, in turn, modify these metabolic factors. Cross-sectional body composition relationships are likely to be multifactorial in origin and, while providing descriptive information on highrisk metabolic states, may not inform our view of how those risks can be modified.
To our knowledge, previous comparisons of the relative importance of IMAT and VAT to metabolic risk variables have been exclusively cross-sectional. Yim et al. (36) reported that IMAT was more strongly associated than VAT with total cholesterol and fasting glucose. In nondiabetic women, higher IMAT content is associated with low insulin sensitivity index, independent of visceral adiposity and body weight (1) .
In contrast to these studies, a randomized controlled trial of aerobic exercise interventions enabled us to investigate the relative importance of exercise-induced changes in IMAT and VAT to the mechanism of concurrent improvement in components of the lipoprotein profile. Reductions in IMAT were more strongly associated with improved lipoprotein particle sizes than were reductions in VAT, suggesting that IMAT changes rival or even predominate over VAT changes as possible mediators of exercise-induced improvements in some components of atherogenic dyslipidemia. Thus the observed association between IMAT change and changes in lipoprotein particle size may advance our understanding of the mechanisms by which aerobic exercise mitigates atherogenic dyslipidemia.
The definitive mechanistic link between IMAT and lipoprotein particle size remains to be determined. IMAT in the thigh is closely apposed to the skeletal muscle, which is directly targeted by aerobic exercise training. As the energy demands of the muscle increase with training, it is reasonable to expect that this adipose depot would serve as a ready source of free fatty acids for oxidation. Indeed, our group has previously shown that increases in lipoprotein particle size are associated in a dose-response manner with the volume (weekly caloric expenditure) of aerobic training regimens (15) . It is possible that IMAT, as a putative ectopic fat depot, is preferentially mobilized as fuel and thus serves as a quantifiable marker of this relationship. The anatomic position of IMAT, within the myofascial compartment and with direct vascular connection to more metabolically active tissues, is analogous to that of VAT in the abdomen, with its direct vascular link to the liver. Although this characteristic of IMAT does not differ by sex, and thus does not explain why we observed relationships between IMAT and metabolic state in men but not in women, it should be noted that such sexually dimorphic relationships are not without precedent: in the STRRIDE cohort, associations between VAT and lipoprotein particle size and other metabolic variables were stronger in women (35) , in direct opposition to the current observation in the peripheral limb.
Exercise-induced changes in lipoprotein lipase (LPL) activity may underlie the observed sex difference in the strength of the relationship between changes in IMAT and metabolic state. LPL acts locally at the vascular endothelium to cleave triglyceride from lipoproteins, thus allowing its incorporation into the nearby tissue for use as fuel (in skeletal muscle) or for storage (in adipose tissue). This results in larger lipoprotein particles, as the triglyceride is replaced by cholesterol esters. Indeed, serum LPL levels are positively correlated with both HDL and LDL size in cross-sectional analyses (26) . One recent study reported that the oral hypoglycemic agent metformin increased both LPL activity and LDL size and that these changes were significantly correlated (20) . The peroxisome proliferator-activated receptor (PPAR) activator troglitazone similarly increases both LDL size and LPL activity (30) . Sex differences in LPL action have been inconsistently observed. In some cross-sectional analyses, overall LPL activity is higher in women (4, 6) , whereas another report did not observe sex differences in LPL protein levels (32) . Muscle-specific LPL activity does not differ by sex in either untrained or endurancetrained subjects (14) . Following 5-13 days of exercise in men, LPL mRNA expression and enzyme activity increase in skeletal muscle but not in adipose tissue (27) , although the mRNA increase is transient (28) . At least one study (23) suggests that muscle-associated LPL activity increases acutely in men, but not in women, following aerobic exercise. Adipose tissueassociated LPL activity also increases in men, albeit to a lesser extent than in muscle, and decreases slightly in women under the same conditions. The HERITAGE family study showed a significantly greater increase in LPL activity in white men compared with women following 20 wk of exercise (6), while others have found no change in LPL protein level for either sex following 6 mo of training (32) . LPL activity decreases to a greater degree in IMAT compared with other adipose depots and in male compared with female guinea pigs exposed to exercise training (24) . Thus the effects of exercise on regulation of LPL activity differ by tissue and perhaps sex. If muscle LPL activity increased, and IMAT LPL activity decreased, in the context of increased fatty acid oxidation with aerobic training, we might expect mobilization of thigh IMAT as fuel to increase. If these LPL activity changes were more prominent in men than in women, IMAT loss would therefore be correlated with lipoprotein particle size increases in the sex-specific manner observed in this study. Exercise likely affects lipoprotein particle size via hepatic mechanisms in addition to peripheral lipid oxidation (31) . Specifically, higher hepatic lipase (HL) activity is associated with a higher ratio of (small) HDL 3 to (large) HDL 2 (4), and aerobic training decreases HL activity (33) . Thompson et al. (32) observed that, in men but not in women, HL levels decrease and HDL 2 concentrations increase following 6 mo of training, whereas HDL 3 levels do not change significantly. Nonetheless, our data suggest that exercise-induced improvements in HDL and LDL size are partially driven by changes in peripheral skeletal muscle and fat metabolism.
Further investigation is necessary to identify in greater detail the physiological mechanisms linking reduction of IMAT to increases in lipoprotein particle size. The results of the current analysis will help generate hypotheses for further study. At a minimum, lifestyle intervention studies of this type may help differentiate putative risk factors and markers that are modifiable and drive changes in CVD risk from those that are only cross-sectionally related.
Strengths. Although regional fat distribution has been shown to correlate with many markers of cardiovascular risk in cross-sectional analyses, the present study design afforded the opportunity to determine the relationship between changes in fat stores and changes in these risk factors. Thus, although we do not yet comprehensively understand the mechanisms of exercise-induced improvements in lipoprotein profile, our data do help to generate hypotheses for investigating these causal pathways. In addition, our subjects maintained a constant diet and body weight throughout the study, allowing us to examine the effects of aerobic exercise in isolation.
Limitations. The present analysis had a relatively low sample size, which did not confer sufficient power to determine the effect of different exercise training regimens on changes in thigh fat distribution. Such data would have been informative in light of previously reported differences in particle size improvements among exercise groups differing in amount and intensity in the STRRIDE trial (15) . We also lacked a threedimensional measure of regional adiposity, which might have proven more precise than single-slice CT images, particularly for VAT, where the abdominal viscera may cause a single slice to misrepresent true adipose tissue volume. We also lacked data on tissue-level LPL activity and circulating leptin and adiponectin levels and thus were unable to investigate their influence on our findings. Finally, all correlative observations should be interpreted with some caution and are not meant to imply causation. The current findings should be validated in larger, independent samples.
Conclusions. In conclusion, we observed that, in men but not women, aerobic exercise-induced loss of thigh IMAT was associated with increases in LDL and HDL particle sizes, both of which represent improvements in atherogenic dyslipidemia. In multivariable models, IMAT change, but not VAT change, was associated with both HDL and LDL size change. These data suggest that, in overweight, dyslipidemic men, thigh IMAT may be mechanistically involved in exercise-induced improvements in atherogenic dyslipidemia. This provides evidence that aerobic exercise confers local, peripheral metabolic benefits that are likely to be additive with more centrally oriented dietary or pharmacological mechanisms of reducing cardiovascular disease risk.
